A variety of trenchless technologies, including sublining, sliplining, pipe rolldown and pipebursting, can be applied to reduce energy losses or leakage in old pipes and, in some cases, to even increase the capacity of severely deteriorated watermains. This paper describes how trenchless methods can change pipe roughness, internal diameter and the pipeline celerity, which may result in unexpected, even catastrophic, behaviour of the system, particularly where hydraulic transients are involved. The paper's major conclusion is that significant changes in the performance of the system can result due to changes in hydraulic variables. A thorough hydraulic analysis, including the effect of transients, enables proper evaluation of the suitability of a given trenchless methodology and ensures that any surge control systems are appropriately modified to protect the new line against transient pressures.
INTRODUCTION
Use of high density polyethylene (HDPE) liners and pipe insertions to renovate aging pipelines has been possible for more than two decades. The techniques have found ready application in stormwater and sanitary sewer systems. In recent years, the application of these technologies to pressurized pipelines such as water supply, transmission and distribution systems is gaining in popularity. Trenchless techniques offer considerable advantages over conventional open cut pipe-laying methods, particularly where disruption caused by road closures or ground disturbance in sensitive environments are critical issues.
Unlike open channel pipe systems, however, the use of HDPE liners and pipes contained within a host pipe may result in changes to fundamental hydraulic properties of a pressurised system that can have profound effects on the safe operation of the modified pipeline system. This paper discusses some of the potential impacts on hydraulic transient behaviour of pipeline systems in which HDPE liners or replacement pipes are used. Three common trenchless techniques-pipe bursting, sublining and sliplining-are discussed to highlight the physical causes and potential effects of trenchless pipe renovation methods on hydraulic transients.
TRENCHLESS PIPE PLACEMENT METHODS

PIPE BURSTING
Pipe bursting allows size for size or upsize replacement of an existing pipeline. The existing pipe is split by a hydraulic or pneumatic nose cone that trails the new polyethylene pipe and pulls it through the existing pipeline. Once the nose cone has cracked the existing pipe and displaced the pieces out into the surrounding soil, space is created for the new pipeline to occupy as it follows behind.
SUBLINING
Sublining is technique in which a snug fitting polyethylene liner designed for thin wall applications is pushed through a machine to fold it into a "U" shape, temporarily held by restraining bands. The reduced cross section of the "U" liner creates a relatively large clearance, facilitating the installation of the HDPE liner into the original pipe. After installation the folded HDPE liner is pressurised (with water) to break the restraining bands and revert it back to its circular shape.
SLIPLINING
In sliplining an undersized standard HDPE pipe is inserted into a host main to be renovated. This technique provides a new pipe of reduced diameter within an existing line. The HDPE replacement pipe is pulled through the host pipe by a winched cable attached to the front of the new liner. If required, the annular space between the new and old pipes can be grouted.
EFFECT OF INSERTED HDPE LINERS ON HYDRAULIC TRANSIENTS BRIEF REVIEW OF HYDRAULIC TRANSIENTS
Fluid transients are elastic wave phenomena created whenever flow conditions change in a pipeline system. Generally, if the change in flow results from controlled operations like pump starts and stops, the fluid is accelerated or decelerated gradually, and the magnitude of the pressure wave is not extreme. If transient pressures arise due to accidental events initiated by power outages, accidental valve closures or rupturing of a pipe, then the ensuing changes in pressure can be large enough to cause failure of either the pipeline or its appurtenant components. Proper selection and design of surge pressure control measures significantly reduces the probability of damage and failure.
IMPACT ON TRANSIENT BEHAVIOUR AND CONTROL
Design of transient protection measures depends on the pipeline hydraulic parameters (roughness, velocity, wavespeed, etc.), its topographic and topologic arrangement, the nature of system operations and the types of risks that transient controls are intended to reduce.
The complexity of interaction amongst these design factors means that the successful performance of the surge control system(s) can be altered by "significant" changes to any of these factors. The impact of such changes is generally accounted for by investigating the sensitivity of the transient control system over a realistic range of parameter values that might be expected to occur during the service life of the pipeline.
Replacement, renewal or rehabilitation of a pipeline using a trenchless technique frequently changes the value of one or more critical hydraulic parameters well beyond the range considered in the original design of transient controls. Thus, evaluating the suitability of a given trenchless technique should necessarily entail a consideration of its impact on the hydraulic transient behaviour of the system. The individual impacts of utilizing any of the three trenchless technologies outlined in the previous section are discussed next. This discussion is followed by an example that demonstrates the importance of these effects as they interact with the complete pipeline system.
PIPE ROUGHNESS
In most applications, the pipe being rehabilitated by insertion of a HDPE pipe or liner is old and deteriorated. Even if it is structurally sound, the inner surface of the pipe is usually much rougher than when it was new, particularly in the case of cast iron and ductile iron (DI) pipes. Concrete and iron pipes have somewhat lower conveyance values (Hazen-William's C) when compared to plastic pipes. Thus, the use of HDPE in place of the original pipe generally results in higher values of pipe conveyance. Since flowrate in the pipe is a function of pipe roughness and pipe internal diameter, both variables must be considered to know how HDPE liners will impact the pipe flowrate. Figure 1 illustrates the relationship between pipe flowrate, pipe roughness and pipe diameter.
In the case of pipe bursting, the replacement HDPE pipe can have the same (or larger) outer diameter as the original pipe. The internal diameter may be the same or less depending on the wall thickness of the original pipe. For illustration, assume that a severely tuberculated 900-mm inner diameter (ID) ductile iron pipe is burst and a 900-mm ID HDPE pipe replaces it. If the DI pipe had a Hazen-William's C factor of 75, then Figure 1 shows that the pipe capacity is approximately 0.52 m 3 /s per metre of headloss per kilometre of pipeline. For the new HDPE pipe with a Hazen-William's C factor of 150, the pipeline capacity is roughly 0.825 m 3 /s per metre headloss per kilometre of pipe, which is a significant increase in discharge. In the case of sliplined pipes, the HDPE replacement pipe can be considerably smaller. Assume that the same 900-mm DI pipe is sliplined with a 750-mm HDPE pipe. Then, the flow per unit headloss per kilometre in the new HDPE pipe would still be 0.725 m 3 /s, or 140% of the DI pipe's flow capacity at the end of its service life.
Obviously, the capacity of HDPE pipes is not always greater than the original pipe. However, owing to the low roughness of HDPE pipes, the pipeline capacity is likely to remain the same or increase when concrete or iron pipes are replaced with a plastic pipe. In terms of steady state hydraulics, changes in pipe roughness influence the system head curve and therefore impact pump operating points.
PIPE DIAMETER
The diameter of the HDPE replacement pipe or liner is an important factor in assessing the impact of trenchless technology on hydraulic performance. For a given flowrate in the pipe, the velocity of flow is directly related by the continuity equation to the pipeline diameter, i.e.,
where V is the fluid velocity, Q the pipeline discharge and A is the cross-sectional area of the pipe bore. For pipes having circular cross-sections, the relationship is the familiar 
where D is the internal diameter of the pipe. For the same pipe discharge, the velocity of flow increases as pipe diameter decreases.
Apart from the interaction with energy losses referred to in the previous section, this has important implications for the hydraulic transient behaviour of the pipeline system since the magnitude of surge pressures is directly related to the pipeline velocity. A highly simplified theoretical expression for this relation known as Joukowski's Law of Waterhammer is as follows:
in which g is gravitational acceleration, H ∆ is the change in pressure head produced in an infinitely long pipe having a wavespeed of a for a corresponding change in velocity of V ∆ .
PIPE CELERITY
There are two quite different ways of viewing the wavespeed parameter in a transient problem.
To a good approximation, the wavespeed is the speed of propagation of disturbances in a pipeline; this value can be measured experimentally or obtained theoretically. Since sound is one possible manifestation of a flow disturbance, the wavespeed is sometimes called the acoustic speed of propagation. Alternatively, the wavespeed parameter can be thought of as a collection of useful pipeline constants relating how much fluid is stored in a pipeline to a given change in pressure or head.
In the absence of any entrained air or gas, a common expression for pipeline celerity is the following:
in which K is the bulk modulus of the fluid, ρ w is the density of the fluid, E is the elastic modulus of the pipe material, and D and e are the pipe diameter and wall thickness, respectively. The constant c 1 takes account of the type of restraints provided for the pipeline. Modified equations exist for composite pipes made of two or more different materials (e.g., reinforced concrete pipe).
Wavespeed for reinforced concrete pipes are in the order 1,000-1,250 m/s. Values for iron or steel pipes can be somewhat higher (up to 1,400 m/s) while wavespeeds in plastic pipes, including HDPE, range typically from 300-400 m/s.
Presently, most of the candidate pipelines suitable for replacement or rehabilitation by trenchless methods using HDPE pipes or liners are cast iron, ductile iron, steel and various types of concrete pipes. Wavespeeds for plastic pipes are considerably lower than these other materials and, according to Equation (1), this should confer a benefit in terms of expected maximum or minimum values of transient pressures. In the absence of any interaction with other components in the pipeline system, this would be true. For real pipeline systems the impacts can be more difficult to ascertain due to the complex interactions between transient pressure waves and system components.
In some instances, the wavespeed of the HDPE liner and host pipeline system may be higher than that for conventional plastic pipe installations if the HDPE liner is not fully isolated from the original pipe material. In the case of sublining and pipe rolldown, there is generally a fairly tight fit between the HDPE liner and the surrounding pipe. For very snug-fitting liners, the original pipe (if structurally sound) will provide additional resistance to deformation and the pipeline celerity can actually be higher than it is for the original pipe owing to the additional thickness of the HDPE liner. In some trenchless techniques, any annular space is filled with grout, which not only adds its own strength to the pipeline system, but also creates a tight bond between the original pipe and the liner. Wavespeed estimates can be obtained for such "composite" pipe systems using the modified equations in Parmakian (1963) or other standard references.
Another effect of altering the speed of wave propagation in a pipeline that is seldom recognized is the impact that wavespeed has on the timing of events in the system. The control action or response of many system devices is affected by the overall timing of transient wave interactions. Significant changes in wavespeed can change the timing and sequence of events, possibly rendering a control device ineffective or making its action detrimental to system performance. Changing the pipeline celerity without adjusting the valve closure time could result in the generation of much higher surge pressures than in the original system. It can be shown that the maximum pressure head generated by a linear valve closure at the pump station in the original concrete pipe system is about 88 metres. In the HDPE pipeline with the same flow conditions and a wavespeed of 333 m/s, the maximum head generated at the surge-anticipating valve is 120 metres, more than 50% larger than in the concrete pipeline. Figure 2 shows the variation in pressure head at the pump for the two cases.
The important idea to be gleaned from the foregoing discussion is that, even though HDPE pipes have lower values of wave celerity than steel, iron or concrete pipes, the transient behaviour of the system is not guaranteed to improve.
APPLICATION TO WATER DISTRIBUTION SYSTEMS
The discussion of the previous section has emphasized the importance of viewing a pipeline (replaced or rehabilitated using one of the three trenchless techniques discussed in this paper) as a system. It also stressed the fact that the hydraulic behaviour of this system cannot be easily determined a priori because of the complex interactions between various system components and the physical properties of the system. In this section, a more complex example is provided to further illustrate some possible impacts of changes in the basic hydraulic parameters on the transient behaviour of a pipeline system. The example provided is in no way exhaustive of all possible interactions and outcomes and is intended only to highlight the need for a comprehensive assessment of the hydraulic behaviour of retroactively modified pipeline systems.
ILLUSTRATIVE EXAMPLE
To show in a more graphic way some of the interactions between physical parameters, system components and hydraulic transient behaviour, an example of a pipeline system with complex behaviour is presented. In the example, an aging and deteriorated 900-mm inner diameter 1-km long ductile iron water transmission pipeline is replaced by sliplining a 750-mm OD (665-mm ID) HDPE pipe. Figure 3 shows the profile of the existing pipeline system, the arrangement of the pumping station and reservoir and the steady-state hydraulic grade line (SS HGL). A vacuum-breaking air valve is installed at the knee of the pipeline at Chainage 500 metres. The initial (and design) pipeline discharge is 700 litres per second. The Hazen-William's C factor of the pipe is 130.
In order to provide a consistent basis for comparison, the hydraulic transient behaviour of the existing line following a loss of power to all pumps is characterized first. The impact of changes in hydraulic parameters brought about by sliplining the original pipe is examined in the subsequent section. Figure 4 shows an extreme head summary plot of the behaviour of the system following a power failure. It depicts the maximum and minimum values of piezometric head (i.e., pressure head plus pipe centreline elevation) that occurred at each point of the pipeline system during the transient event. In addition to the envelopes of extreme pressure (Max. or Min. HGL), the pipeline centreline profile, the initial (steady-state) hydraulic grade line (SS HGL) and the major pipeline devices are shown on the plot. A vapour pressure line is also plotted and indicates the hydraulic grade line elevation at which vaporous cavitation will occur.
The insert at the top right corner shows the typical variation in pump discharge head following a pump trip. It is characterised by (1) low pressure drop after the pump trip followed by (2) a return high pressure wave (pressure recovery) and then (3) transient damping.
The rated pressure of the pipeline is assumed to be equal to the maximum (steady state) operating pressure plus a 50% surge allowance. The hydraulic grade line equivalent to this pipeline rated strength is plotted in the figure as the "Pipeline Rated HGL." As power is lost to the pumps, they spin down rapidly, taking about 3.5 seconds for flow reversal to occur at the pump discharge check valve. As the low-pressure wave reaches the knee of the pipeline, the air valve opens and admits 30 litres of air to the pipeline, maintaining minimum pressures in the pipeline well above the level at which cavitation would occur. The surgeanticipating valve opens quickly following the power failure, relieving the high-pressure wave reflected from the reservoir and also dissipating the pressure spike caused by column rejoinder as a 30-litre air cavity is expelled from the system. Maximum transient pressures are well below the rated strength of the pipeline.
Sliplining with a 750-mm OD HDPE pipe
The original 900-mm ductile iron pipe is rehabilitated by sliplining it with a considerably smaller 750-mm OD HDPE pipe. The inner diameter of the HDPE replacement pipe is 665-mm and its wavespeed is approximately 400 m/s. Figure 5 shows the extreme head summary plot of the pipeline system caused by loss of power to the pumps. The pipeline diameter has been significantly reduced, increasing the initial flow velocity from about 1.1 m/s in the original DI pipeline to about 2 m/s in the 750-mm HDPE pipe. Even though the pipe roughness has been reduced, the high velocity of flow induces significantly more headloss and the dynamic head of the pump has been increased from 101 metres to 104 metres to maintain the design flow capacity of 700 litres per second in the pipeline. As explained in the initial sections of this paper, interactions between the closing surgeanticipating valve, increased flow velocity and the reduced wavespeed (i.e., longer pipeline period) are responsible for generating some of the pressure increase. However, a third type of interaction has a major influence on the behaviour of the system. The growth and collapse of the air cavity at the knee of the pipeline is affected by the system hydraulic parameters and, in turn, affects transient pressures.
In general, when power to the pumps is cut, the pumps lose speed rapidly, creating a sharp decrease in pressure and flow at the pump discharge. This low pressure wave propagates towards the reservoir at the wavespeed of the given pipeline system.
As the wave passes the location of the air valve, the hydraulic grade line reaches the elevation of the air valve float and the valve float drops, opening the large orifice and drawing air into the pipeline to break the vacuum pressure at that location. Figure 6 compares the salient features of the air valve behaviour for the original ductile iron pipeline and the sliplined replacement HDPE transmission main. Two time series are shown on the respective plots for each pipeline system: (1) the volume of air contained within the air cavity and (2) the relative velocity of the two water columns separated by the air cavity. The latter point requires some clarification. When a vacuum-breaking air valve opens to admit air into the pipeline, the accumulated mass of air acts similarly to a reservoir and, in effect, separates the water columns upstream and downstream of the air cavity. This allows the two water columns to act somewhat independently of each other. On a steep slope, the lower water column frequently reverses direction first, moving back toward the pump station check valve while the other column continues to flow toward the reservoir. Eventually, depending on the wave celerity, the low pressure wave reaches the reservoir and reflects as a high pressure wave, causing the downstream water column to reverse its direction of flow and move back toward the air valve. During the time when the water columns are moving apart air enters the pipeline, and the relative velocity between the two columns is positive, indicating growth of the air cavity. Conversely, when the water columns are moving toward each other, the relative velocity of the two water columns is negative, and the cavity volume decreases in size. At the precise moment that the last of the air is forced out of the pipeline by the advancing water columns, the relative velocity frequently reaches its maximum value. The sudden impact of the two water masses during this "column rejoinder" generates a pressure spike. The theoretical maximum value of this pressure spike is directly proportional to the reduction in relative velocity at rejoinder and the nominal wavespeed of the pipeline. 2 The greater the relative velocity, the greater the velocity reduction upon column rejoinder.
It should be noted that in the computer simulations, power to the pumps is cut after 5 seconds. Due to the different wavespeeds in each of the modeled systems, the time taken for the initial low pressure wave to reach and activate the air valve varies. Analogously, the time taken for the returning high pressure wave from the reservoir to reach the air valve is also inversely proportional to the pipeline wavespeed. Thus, the time available for air cavity growth is longest for the sublined system. Once the high pressure return wave reaches the air cavity, the time required to exhaust air from the system depends primarily on the maximum volume of air in the cavity, which in turn depends on the relative velocity of the two water columns during the air intake phase. Thus, the ductile iron main forms the smallest and shortest-lived air cavity. Conversely, it is the sliplined 750-mm OD HDPE pipe with its combination of moderately low wavespeed and high relative velocity of the water columns during the air cavity growth phase that results in the largest cavity formation.
The peak air cavity volumes for the ductile iron pipe (bottom graph of Figure 6 ) and the sliplined HDPE (top graph of Figure 6 ) pipeline systems are respectively 30 litres and 1000 litres. The maximum magnitude of the relative velocity of the water columns at rejoinder is −0.2 m/s and −4 m/s, respectively. Consequently, the sliplined pipeline exhibits much higher peak transient pressures due to the much larger velocity reduction and consequent pressure spike generated during column rejoinder.
Elimination of the unsafe high pressures created in the sliplined 750-mm HDPE system by the column rejoinder could be reduced or eliminated by implementing any one of a number of additional surge control measures. A non-exhaustive list of possible control measures includes the use of a vented non-return air valve, a slow-closing (i.e., pressure relieving) air valve, a check valve-orifice bypass, a one-way surge tank or an air chamber.
SUMMARY
This paper has introduced in a relatively non-mathematical way some of the hydraulic issues that may need to be considered when evaluating trenchless technologies as alternatives for pipeline rehabilitation or replacement. Trenchless techniques such as pipe bursting, sublining and sliplining can significantly alter the hydraulic properties of the system, possibly causing important differences in the hydraulic transient behaviour of the altered pipeline system. The interaction of the hydraulic parameters with control devices in the system should be investigated to evaluate what changes in pipe strength or transient control are required in order to make a particular trenchless alternative feasible. The cost implications of the transient control system may impact the economic utility of the trenchless pipe rehabilitation or replacement alternative.
